Collected data for both common-source and common-gate amplifiers is presented in this paper. Characterizations of the two amplifier circuits using metal-ferroelectricsemiconductor field effect transistors (MFSFETs) are developed with wider input frequency ranges and additional device sizes compared to earlier characterizations. The effects of the ferroelectric layer's capacitance and variation of load, quiescent point, or input signal on each circuit are shown. Advantages and applications of the MFSFET and the circuit performance are discussed.
Introduction
Both the common-source and common-gate amplifiers have previously been characterized using metal-ferroelectric-semiconductor field effect transistors (MFSFETs) having width and lengths of 400 μm and 4 μm, respectively [1, 2] . The characterization of these amplifiers is now extended to frequencies up to and including 5 MHz and using an additional, symmetric MFSFET sized as 40 μm × 40 μm (ND4).
The structure of the transistor is composed of a 1500 Å thick layer of platinum with 1 / at the gate and 1000 Å thick layers of platinum with 1.5 / at both the source and the drain contacts. The substrate consisted of 200 Å indium oxide with doping concentration, N A , of 10 19 cm −3 . Each transistor contains a ferroelectric layer; in these particular transistors a 3500 Å thick layer of 20/80 PZT forms the ferroelectric layer [3, 4] . As a result of including the ferroelectric layer, the transistor can be polarized either positively or negatively, which in turn allows switching between enhancement and depletion modes [5] . All transistors tested were manufactured by Radiant Technologies, Inc. and supplied by Joe Evans.
Device Characteristics
As a standalone device, the MFSFETs exhibit a unique current hysteresis with respect to the applied gate voltage as seen in Fig. 1 . Using the Precision Premier II tester from Radiant Technologies, Inc., the transistor current under various conditions was measured, and the resulting current hysteresis obtained. This hysteresis demonstrates the effects of using various poling voltages, as well as showing both enhancement, resulting from a positive poling voltage, and depletion, resulting from a negative poling voltage, modes. Differences between the maximum current of the two transistor sizes are also observed, with the current of the 40 μm × 40 μm (ND4) transistor being approximately one-third of the current observed with the 400 μm × 4 μm (ND7) transistor. The current dependence on the drain voltage of the MFSFETs closely resembles that of a MOSFET, as shown in Fig. 2 . However, as shown by the different gate voltage measurements, the dependence on the gate voltage is not the same.
Common-Source Amplifier
The common-source amplifier as shown in Fig. 3 was characterized using both 40 μm × 40 μm (ND4) and 400 μm × 4 μm (ND7) MFSFETs. While the supply voltage, V DD , was held at 4 V, the load resistance varied from 10 k to 100 k , and the frequency varied between 1 Hz and 5 MHz. Measurements were taken using positive and negative poling voltages to demonstrate the performance differences.
μm × μm (ND4) MFSFET Common-Source Amplifier
The voltage gain of the 40 μm × 40 μm (ND4) transistor shown in Fig. 4 indicates slightly higher voltage gains when using a negative poling voltage, though both poling voltages produce similar behavior overall. In the positive poling case the biasing gate voltage used was between 4.7 and 5.5 V depending on the load resistance, whereas in the negative poling case the biasing voltage was reduced to be between 0.5 and 2 V. Interestingly, the phase shifts for positive and negative polarization are nearly identical across the 1 Hz to 5 MHz regions as shown in Fig. 5 . Looking at the frequency response of the circuit, a cutoff frequency between 20 and 30 kHz is found, with larger load resistances giving smaller cutoff frequencies. The most interesting aspect of the MFSFET common-source amplifier phase shift is the high frequency value near 0 • . Unlike the MOSFET common-source amplifier, whose phase shift settles at −90 • , the MFSFET common-source amplifier output and input are completely in-phase at high frequencies.
μm × 4 μm (ND7) MFSFET Common-Source Amplifier
As expected by observing the transistor currents presented earlier, the voltage gain of the 400 μm × 4 μm (ND7) MFSFET in Fig. 6 is approximately 10 dB larger than the previously examined 40 μm × 40 μm (ND4) MFSFET. With this device, the voltage gain peaks between 2 and 3 dB, with cutoff frequencies ranging from 10 to 100 kHz, depending on the load resistance. Having used a positive poling voltage, the biasing voltage applied is between 3.1 and 4 V; a negative poling voltage allows biasing voltages of −1.6 to 0.7 V. Wide variations in biasing voltage depending on the ferroelectric polarization is one of the key features of the MFSFET, which can be used in a variety of applications that may require switching between different supply voltages. Similar to the earlier observed phase shift, the common-source amplifier phase shift in Fig. 7 using a 400 μm × 4 μm (ND7) MFSFET is almost identical for both positive and negative poling voltages. In almost all cases, the phase shift settles to 0 • at high frequencies.
MFSFET Common-Source Output Linearity
With an input signal of 1 V pp , the MFSFET common-source amplifier has linear voltage gain, as shown by Fig. 8 , using either transistor dimensions. The shown linearity plots were collected using a positive poling voltage, though this behavior is representative of the negatively-poled operation as well. In the cases shown, the 40 μm × 40 μm (ND4) transistor was loaded with a 100 k resistor, and 400 μm × 4 μm (ND7) transistor was loaded with a 50 k resistor.
Common-Gate Amplifier
The common-gate amplifier configuration shown in Fig. 9 was used to characterize the 40 μm × 40 μm (ND4) and 400 μm × 4 μm (ND7) MFSFET performance in the common-gate amplifier. As in the common-source amplifier, the supply voltage, V DD , was held at 4 V, the load resistance varied from 10 k to 100 k , and the frequency varied between 1 Hz and 5 MHz. Positive and negative poling voltages were used with each transistor tested. 
μm × μm (ND4) MFSFET Common-Gate Amplifier
As seen in the common-source configuration, the negatively poled arrangement produces slightly higher voltage gains compared to the positively poled setup as indicated in Fig. 10 .
All positively poled scenarios were tested using a 5.5 V biasing voltage at the gate of the transistor, while the negatively poled cases used biasing voltages between 0.8 and 2.8 V, depending on the load resistance. As described previously, the poling voltage used does not have a significant impact on observed phase shift. Also of note is the MFSFET high frequency phase shift shown in Fig. 11 that, though having a large drop around 500 kHz, again indicates settling at 0 • . 
μm × 4 μm (ND7) MFSFET Common-Gate Amplifier
In the common-gate configuration, the 400 μm × 4 μm (ND7) transistor voltage gain in Fig. 12 demonstrates only a 5 dB increase given the added channel width. Very few differences between the measured voltage gains of the positively and negatively poled cases are observed, with the exception of the biasing voltages that now range from 2.9 to 4.7 V with a positive poling voltage and −1.5 to 0.5 V with a negative poling voltage. With the wider transistor, a negative biasing voltage is again used, once again demonstrating the wide array of possible arrangements using these transistors.
The phase shifts of the common-gate amplifier are again of particular interest using the 400 μm × 4 μm (ND7) MFSFET. With this transistor, the negative peak of the phase shift and the frequency at which it occurs are observed to be directly correlated with the load resistance used as demonstrated in Fig. 13 . As seen with the 40 μm × 40 μm (ND4) transistor, the high frequency phase shift begins increasing and is presumed to settle at 0 • .
MFSFET Common-Gate Output Linearity
A particularly preferable aspect of the MFSFET implementation of the common-gate amplifier is the linear voltage gain. In Fig. 14, the voltage gain at 1 kHz with a 1 V pp signal is shown. When using the 400 μm × 4 μm (ND7) transistor, the input and output voltages almost overlap exactly. For comparison, the signals plotted in Fig. 14 were obtained using negative poling voltages for both transistor types. The 40 μm × 40 μm (ND4) transistor used a 100 k load whereas the 400 μm × 4 μm (ND7) transistor used a 10 k load.
Conclusion
The common-source and common-gate amplifiers using a MFSFET show unique and interesting characteristics not observed when using a MOSFET. Of particular interest is the phase shift of each circuit, which in almost all cases indicates a high frequency phase shift settling towards 0 • . In applications that are primarily concerned with phase matching between input and output at high frequencies, the MFSFET may offer more advantages than the MOSFET. Also of note is the wide variations of biasing voltages obtained by simply applying different poling voltages. By allowing the MFSFET to operate as either an enhancement or depletion mode transistor, performance of the circuit is largely unaltered, though the supply voltage is allowed to change dramatically or in some cases even be turned off.
